Here we use phylogenomics with expressed sequence tag (EST) data from the ecologically important coccolithophore-forming alga Emiliania huxleyi and the plastid-lacking cryptophyte Goniomonas cf.
5 (Weber, Linka, and Bhattacharya 2006) , and unique gene duplication and replacement events shared by these taxa (Fast et al. 2001; Harper and Keeling 2003; Patron, Rogers, and Keeling 2004) . All chromalveolates except cryptophytes contain a mitochondrion with tubular cristae. Cryptophytes were thought to be ancestral within the chromists due to the presence of two distinguishing characters, flattened mitochondrial cristae and the remnant red algal nucleus (the nucleomorph; Greenwood 1974 ) that is found between the second and third plastid membranes (Cavalier-Smith 1999) . The sister group relationship of katablepharids and/or telonemids to cryptophytes leaves unclear the ancestral set of chromist characters.
Despite many attempts, the phylogenetic position of cryptophytes and haptophytes remains unresolved. Previous analyses of nuclear genes (often with extensive taxon sampling) show haptophytes to be unaffiliated with any other eukaryotic lineage (e.g., rDNA [Bhattacharya et al. 1995 ; Van de Peer and De Wachter 1997; Van de Peer et al. 2000] , actin [Stibitz, Keeling, and Bhattacharya 2000] , HSP90 [Stechmann and Cavalier-Smith 2003] ). In contrast, rDNA trees provide moderate support for the grouping of cryptophyte with glaucophyte algae (e.g., Bhattacharya et al. 1995; Van de Peer and De Wachter 1997) . The sister group relationship of cryptophytes and glaucophytes is supported by the presence of flattened cristae in both groups. However a recent analysis using a 143-protein data set supported robustly the monophyly of 'Plantae' and a specific relationship between glaucophytes and green algae/land plants ( Rodriguez-Ezpeleta et al. 2005 ; see also Hackett et al. 2007; Petersen et al. 2006) , although haptophytes and cryptophytes were missing from this data set. These results place glaucophytes clearly within 'Plantae' but do not address the position of cryptophytes in the eukaryotic tree. Another phylogenetic treatment (Harper, Waanders, and Keeling 2005 ) used a HSP90 data set and a concatenated alignment of 6 proteins (actin, alpha-and beta-tubulin, eEF-1alpha, HSP70, and HSP90) to test chromalveolate monophyly. The single protein HSP90 and 4-protein (actin, alpha-and beta-tubulin, and HSP90) data sets provided weak to moderate bootstrap support for the monophyly of cryptophytes and haptophytes using a variety of phylogenetic approaches. However, bootstrap support for this clade was markedly lowered with the use of the 6-protein data set and none of the analyses provided evidence for the union of all chromalveolates, suggesting polyphyly of this group (Harper, Waanders, and Keeling (http://www.ncbi.nlm.nih.gov/) and the Protist EST Program (PEP; http://www.bch.umontreal.ca/pepdb/pep_main.html). Each candidate protein identified via phylogenomics was used in TBLASTN searches with Dragonblast to generate the final data sets. The protein alignments were generated using the ClustalW server (http://www.ebi.ac.uk/clustalw/) and then manually refined. Only regions that were unambiguously aligned were retained for phylogenetic analysis.
These alignments are available upon request from D.B.
Phylogenetic Analysis
For each of the 16 single protein data sets that were assembled using phylogenomics and available genome data, a single-gene phylogeny was reconstructed using a bootstrap (100 replications) maximum likelihood approach with tree optimization (PHYML V2.4.3; Guindon and Gascuel 2003) with the WAG + I + G evolutionary model. We incorporated a diversity of eukaryotic sequences in these trees through exhaustive database searches to address potential alternative positions for chromalveolate genes resulting from endosymbiotic gene transfer (EGT) associated with the plastid or HGT from a foreign source. Most of the 16 proteins have been used previously (often extensively, e.g., actin, alpha-tubulin, HSP90) in phylogenetic analyses and with one possible exception (see below) did not provide bootstrap support for EGT or HGT. Once this pre-screen was complete, we assembled a 46-taxon data set from the 16 proteins (6,735 aa) for phylogenetic analysis. Members of all 6 eukaryotic supergroups were represented in this alignment, including excavates and two 'Rhizaria', the chlorarachniophyte amoeba Bigelowiella natans and the foraminiferan Reticulomyxa filosa (Burki and Pawlowski 2006) . To increase the calculation speed, we sampled broadly protistan supergroup members but included only 7 members of the 'Opisthokonta', a supergroup that has been substantiated in previous phylogenetic analyses (for review, see Parfrey et al. 2006 ). ProtTest V1.3 (Abascal, Zardoya, and Posada 2005) was used to identify the best-fit model (i.e., RtREV + Γ + F) for the 16-protein alignment. This model was then used in two RAxML (RAxML-VI-HPC, v2.2.1; Stamatakis, Ludwig, and Meier 2005 ) maximum likelihood analyses with the first including all 46 taxa and the second excluding the long-branched Giardia lamblia (diplomonad) and Trichomonas vaginalis (parabasalid) sequences (e.g., (Arisue, Hasegawa, and Hashimoto 2005) . RAxML was chosen for these final multi-protein analyses because of its speed and evidence that this program out-performs PHYML for real data sets (see Stamatakis, Ludwig, and Meier 2005) . These analyses used a random starting tree (one round of taxon addition) and the rapid hill-climbing algorithm (i.e, option -f d in RAxML). To generate bootstrap values for the 46-and 44-taxon trees, we used the RAxML topologies (and best-fit model parameter values) as starting trees in maximum likelihood analyses (100 replicates) under PHYML with tree optimization.
We used Bayesian inference (MrBayes V3.0b4; (Huelsenbeck and Ronquist 2001) with the 46-and 44-taxon data set using the RtREV + Γ + F model to calculate posterior probabilities for nodes in the RAxML tree. Metropolis-coupled Markov chain Monte Carlo from a random starting tree was used in this analysis with two independent runs (i.e., nrun = 2 command) and 1 cold and 3 heated chains. The Bayesian analyses were run for 1 million generations each with trees sampled every 100th generation. To increase the probability of chain convergence, we sampled trees after the standard deviation values of the two runs were < 0.01 to calculate the posterior probabilities (i.e., after 432,200 generations for the 46-taxon Bayesian analysis and 302,200 generations for the 44-taxon analysis). The remaining phylogenies were discarded as burn-in. In all of these phylogenetic analyses, the branch leading to the 'Opisthokonta' was used to root the tree for visualization purposes (e.g., Arisue, Hasegawa, and Hashimoto 2005) .
And finally, to test whether the results of our maximum likelihood were potentially being misled by the class of fastest evolving sites in the data set, we assigned each amino acid position in the 16-protein data set to one of four ML gamma rate categories using TREE-PUZZLE (V5.2, Schmidt et al. 2002) . The RaxML 46-taxon tree was used as input with the WAG + Γ + F model and the rate category contributing most to each site was recorded and the sites were sorted based on its rate for each data set.
The sites in rate category 4 (i.e., fastest evolving) were removed from the alignment (leaving 5467 aa) and a RaxML tree was inferred using these data with PHYML bootstrap analyses done as described above.
This procedure was also done with the 44-taxon data set that excluded G. lamblia and T. vaginalis.
Tree Topology Tests
To assess the positions of 'Rhizaria', cryptophytes, haptophytes, and cryptophytes + haptophytes in the 46-taxon RAxML tree, we generated 4 different backbone phylogenies that were identical to the "best" topology but excluded these taxa. Each clade was then added (using MacClade V4.05; Maddison and Maddison 2005) to every possible branch in the respective backbone tree to assess its alternative positions. The site-by-site likelihoods for the trees in the 4 analyses were calculated using the 16-protein data set and TREEPUZZLE (V5.2, Schmidt et al. 2002) with the WAG + Γ + F evolutionary model (the alpha value for the gamma distribution was identified using RAxML) and the default settings. The approximately unbiased (AU-) test was implemented using CONSEL V0.1i (Shimodaira and Hasegawa 2001) to identify the pool of probable trees in each test and to assign their probabilities.
Results and Discussion

Analysis of the Emiliania huxleyi and Goniomonas cf. pacifica Unigene Sets
A total of 13,981 3' EST sequences were generated from the starter, normalized, and subtracted cDNA libraries of E. huxleyi and assembled into 6,488 clusters (46% gene novelty rate). The ESTs had an average length of 627 bases and an overall G+C content of 64.1%. A total of 1,233 ESTs from the G. pacifica library were sequenced and assembled into 496 clusters. These sequences have an average length of 427 bases and a G+C content of 56.4%. Using AutoFACT EST, we putatively annotated 2,288 (35%) E. huxleyi ESTs and 275 (55%) G. pacifica ESTs and 1,892 and 186 ESTs, respectively, could be assigned to the KOG classification. The ESTs were also annotated using Blast2GO to assign the ESTs to GO categories. A total of 1,957 E. huxleyi (see Fig. S1 ) and 182 G. pacifica ESTs (not shown) could be assigned to GO categories.
Phylogenomic and Single-Protein Analyses
We used an existing phylogenomic pipeline in our lab (Li et al. 2006; Reyes-Prieto, Yoon, and Bhattacharya 2006) to automatically generate alignments and neighbor joining trees with bootstrap support values from genome data. The E. huxleyi unigene set was used as the query against a local database that included G. pacifica and other chromalveolate, algal, plant, animal, fungal, protist, and bacterial complete genome or EST sequences (for details, see Li et al. 2006 ). Initially we identified 42 trees (out of 234 that were considered [ca. 1/3 of the 785 BLAST hits identified above]) that contained at least one other chromalveolate (usually T. pseudonana) and a member of another eukaryotic lineage with no prokaryotes branching within these taxa. This list was reduced to 16 protein trees that fulfilled the following criteria for acceptance (e.g., Ciccarelli et al. 2006 ; absence of ancient paralogy, lack of bootstrap support for EGT or HGT from eukaryotes or prokaryotes (see below), ease of alignment, presence in all completed genomes, not of organelle function, and >200 amino acids in length. Not surprisingly, many of these proteins we identified in our search have been used extensively in previous phylogenetic analyses (e.g., actin, HSP90) and the list is dominated by highly expressed translational genes. The final list is 14-3-3 protein, 20S core proteasome subunit beta 4, 26S proteasome regulatory subunit T4, actin, alpha-tubulin, beta-tubulin, eukaryotic translation elongation factor 1 alpha (eEF-1alpha), eukaryotic translation elongation factor 2 (EF-2), eukaryotic translation initiation factor eIF-2 gamma subunit, eukaryotic translation initiation factor eIF-5A, heat shock protein HSP70, heat shock protein HSP90, phosphomannomutase, RuvB-like DNA/RNA helicase reptin, transitional endoplasmic reticulum ATPase, and V-type ATPase V1 subunit B.
We found one clear example of taxon misplacement in the single gene PHYML analyses. This data set (EF2) was then used in a RAxML tree inference with a bootstrap analysis. Here, the EST-derived EF2 homolog in Karenia brevis (dinoflagellate; Nosenko et al. 2006 ) had a strongly supported sister group relationship (RAxML = 100%) with the excavates Leishmania major and Trypanosoma spp.
(Euglenozoa, see Fig. S2 ). The other dinoflagellates in our tree (Alexandrium tamarense, Karlodinium micrum) were in the expected position as sister to apicomplexans (i.e., Theileria parva, Plasmodium falciparum). The K. brevis EF2 gene is therefore likely to be an example of HGT from the excavate to the dinoflagellate and these data were removed from the alignment prior to the 16-protein phylogenetic analyses. Another potential misplacement in the EF2 tree involves the haptophytes. In this case, the EST-based sequences from Isochrysis galbana (ISL00004505) and Pavlova lutheri (PLL00000385) in the PEP database share a moderately well supported (RAxML bootstrap = 82%) relationship with the green algae/land plants and red algae. Previous analyses (e.g., Fast et al. 2001; Harper and Keeling 2003; Hackett et al. 2004; Li et al. 2006; Nosenko et al. 2006) have demonstrated that genes of red and green algal origin that encode plastid-targeted proteins are found in the nucleus of chromalveolates. Many of these sequences have putatively originated via EGT from the red algal secondary endosymbiont that is shared by plastid-bearing chromalveolates and from either a second endosymbiosis or multiple HGT events involving a green alga(e) (for details, see Nosenko et al. 2006 ). Therefore it is conceivable that genes encoding cytosolic proteins such as EF2 may also have undergone EGT to the nucleus of chromalveolates, as suggested by our analysis. Given these results, we removed the I. galbana and P. lutheri EF2 sequences from our alignment and entered them as missing data. It is also possible that the misplaced EST sequences we identified are the result of culture contamination during cDNA library construction and/or sequencing and are not genuine cases of gene transfer. In either case, it is clear that single gene trees are required to identify taxon misplacements when dealing with large multigene data sets.
Missing Data
Analysis of the 16-protein alignment showed that overall there was an average of 22.75% missing data (see Table S1 ). These sites were however not uniformly distributed across taxa (see Table S1 ). Species with completed genomes had very little missing data (e.g., Arabidopsis thaliana, 0.0%; Cyanidioschyzon merolae, 0.1%), whereas the EST-derived data was highly variable in this respect. For example, although we sampled genes that were present in the E. huxleyi unigene set, many gene sequences were incomplete due to the single-pass 3' cDNA sequencing approach, resulting in 56.1% missing positions. Similar values were found for EST data from other protists (Table S1 ). In spite of the large amount of missing data from the haptophyte and other protists, a large number of positions (i.e., from a total of 6,735 aa) remained in the analysis. This latter aspect, rather than the overall percent missing data is likely a better indicator of the phylogenetic power of our data set (this issue is discussed in Wiens 2003 Wiens , 2006 Driskell et al. 2004; Philippe et al. 2004; McMahon and Sanderson 2006) and was sufficient to resolve most nodes in the eukaryotic tree (see below). The addition of more chromalveolate and other protist data is required to test this hypothesis.
Multiprotein Phylogeny
The 46-and 44-taxon (excluding G. lamblia and T. vaginalis) RAxML trees of eukaryotes using the 16-protein data set are shown in Figs. 1 and S3 and provide strong bootstrap and Bayesian support for the monophyly of cryptophytes (PHYML46, PHYML44 = 100; Bayesian posterior probability, BPP = 1.0) and haptophytes (PHYML46, PHYML44 = 100%, BPP = 1.0) and moderate support for the sister group relationship of these chromalveolate lineages (PHYML46 = 90%, PHYML44 = 87%, BPP = 1.0). We also found strong bootstrap support for the monophyly of 4/6 supergroups using either data set; e.g., 'Plantae' (PHYML46 = 87%, PHYML44 = 98%), 'Opisthokonta' (PHYML46 = 100%, PHYML44 = 100%), 'Amoebozoa' (PHYML46 = 96%, PHYML44 = 99%), 'Rhizaria' (PHYML46 = 100%, PHYML44 = 100%). Of particular interest was the well-supported sister group relationship of 'Rhizaria' to the stramenopile + alveolate clade (PHYML46 = 100%, PHYML44 = 100%). The latter group was also well supported in our analysis (PHYML46 = 92%, PHYML44 = 84%, see below for details). McFadden and van Dooren 2004) , and plastid targeted translocators of fixed carbon (for red and green algae; Weber, Linka, and Bhattacharya 2006). Our tree is however the first that is consistent with 'Plantae' monophyly when members of all 6 supergroups (albeit with restricted taxon sampling) are included in the analysis. The monophyly of the 'Amoebozoa' taxa in our analysis (e.g., Baldauf et al. 2000; Fahrni et al. 2003; Walker, Dacks, and Martin Embley 2006) and of the 'Opisthokonta' (e.g., Baldauf et al. 2000; Parfrey et al. 2006 ) is consistent with previous studies, although some aspects (e.g., monophyly of Dictyostelium discoideum and Acanthamoeba castellanii) differ with respect to previous analyses (e.g., Nikolaev et al. 2006 ). This latter result likely reflects the limited taxon sampling in our tree of the 'Amoebozoa'. Excavate phylogeny is controversial. In our trees, 
Cryptophyte and Haptophyte Monophyly
A close evolutionary relationship between cryptophytes and haptophytes was previously reported by Harper, Waanders, and Keeling (2005) using less sequence data but with a broader taxon sampling. provenance. Taken together, these data support the monophyly of cryptophytes and haptophytes and suggest that the red algal nucleomorph genome that is retained in plastid-containing cryptophytes was lost at least twice in evolution; once in the haptophyte ancestor and putatively once in the ancestor of the remaining chromalveolates and 'Rhizaria'. Our data also strongly support a photosynthetic ancestry for Goniomonas spp. which now lacks a plastid. Finally, the sister group relationship of cryptophytes + hatophytes is inconsistent with the 'Chromista' hypothesis that posits monophyly of these taxa with stramenopiles. Under this model, the nucleomorph-bearing cryptophytes are the early divergence with a single loss of this genome prior to the split of haptophytes and stramenopiles (Cavalier-Smith 1986). In our trees that contain members of all major chromalveolate lineages (except katablepharids and telonemids), the stramenopiles share a specific relationship with alveolates (see also Baldauf et al. 2000; Harper, Waanders, and Keeling 2005; Simpson, Inagaki, and Roger 2006) to the exclusion of other chromists (i.e., cryptophytes and haptophytes).
Monophyly of 'Rhizaria' and Stramenopiles + Alveolates
The position of the 'Rhizaria' as sister to the stramenopiles + alveolates is unexpected. In previous phylogenetic analyses, members of the 'Rhizaria' have formed a moderately to well supported monophyletic group [e.g., actin, Keeling (2001) , small subunit rDNA + actin ; RPB1 Longet et al. (2003) ] that, on the basis of bootstrap analyses, does not share a close relationship with any other eukaryotic supergroup. This idea was recently addressed by Burki and Pawlowski (2006) using a dataset of 85 concatenated nuclear protein sequences (13,258 amino acids). Their phylogenomic analysis of EST data from B. natans and R. filosa robustly confirms the monophyly of these 'Rhizaria', with the AU-test suggesting two potential affiliations with other eukaryotes. The first, more highly supported topology (P = 0.802) indicated the monophyly of 'Rhizaria' and an excavate clade defined by G. lamblia + T. vaginalis + Euglenozoa, whereas the second favored a sister group relationship between 'Rhizaria' and stramenopiles (P = 0.412). A close relationship between 'Rhizaria' and other chromalveolates was reported (albeit without bootstrap support) in a 6-protein phylogeny in which B.
natans was sister to a haptophyte + cryptophyte clade (Harper, Waanders, and Keeling 2005) and in the rDNA analysis of Nikolaev et al. (2006) . In our analyses, we find robust bootstrap support for the monophyly of B. natans and R. filosa with the stramenopile + alveolate clade. If true, this suggests that 'Chromalveolata' now includes 'Rhizaria' within a significantly expanded supergroup.
The monophyly of cryptophytes + haptophytes with the other chromalveolate lineages (and 'Rhizaria') is moderately supported by our analyses (PHYML46 = 80%; PHYML44 = 86%; BPP = 1.0).
This result is consistent with chromalveolate plastid protein trees (e.g., Yoon et al. 2002; Bachvaroff, Sanchez Puerta, and Delwiche 2005) and the phylogeny of chromalveolate nuclear-encoded plastid-targeted proteins (e.g., Fast et al. 2001; Li et al. 2006; Nosenko et al. 2006 ) that support the presence of a shared red algal secondary endosymbiont among these taxa. These analyses did not however exhaustively assess the phylogeny of chlorarachniophyte plastid-targeted proteins. The surprising relationship of 'Rhizaria' to the chromalveolates suggests that, under the most parsimonious scenario the putative red algal secondary endosymbiont shared by these taxa was lost in the 'Rhizaria' ancestor and in ciliates. Within 'Rhizaria', a plastid was regained by chlorarachniophytes from a green algal secondary endosymbiosis (Rogers et al. 2007 ) and by the filose amoeba Paulinella chromatophora from a cyanobacterial primary endosymbiosis (Marin, Nowack, and Melkonian 2005; Yoon et al. 2006b ).
We tested these results by removing the class of fastest evolving sites from the 16-protein alignment and inferred 46-and 44-taxon trees using RAxML. These trees (Fig. 2) were nearly identical to those inferred from the analysis of all sites (Figs. 1, S3 ) but provided equal or higher PHYML bootstrap support for key nodes of interest in the phylogenies. The position of the 'Rhizaria' within chromalveolates (PHYML46 = 99%; PHYML44 = 98%;) and the monophyly of the 'Plantae' (PHYML46 = 100%; PHYML44 = 100%) and the cryptophyte + haptophyte clade (PHYML46 = 90%; PHYML44 = 93%;) receive similar or higher bootstrap support and within the Plantae, the sister group relationship of red and green algae is now well supported (PHYML46 = 92%; PHYML44 = 90%). Other nodes in the tree continue to receive significant bootstrap support after exclusion of the fastest evolving sites. This suggests that the phylogenetic signal regarding the 'Rhizaria' and the cryptophytes + haptophytes does not derive from the sites most likely to carry significant homoplasy.
Tree Topology Tests
We used the AU-test to assess the likelihoods of tree topologies that addressed all alternate positions of the 'Rhizaria' or either or both cryptophytes and haptophytes in the 46-taxon tree. Our analysis shows that only two competing positions for 'Rhizaria' are retained in the pool of candidate trees. The first is that shown in Fig.1 (i. e., the best tree; P = 0.962) and the second, less favored position is as sister to alveolates (P = 0.108; see Table 1 ). All other positions within Fig. 1 are significantly rejected including the association of 'Rhizaria' with excavate lineages (P < 0.01), as sister to stramenopiles (P = 0.048), or as sister to all chromalveolates (P = 0.007).
We assessed the possibility that the significance values generated by the AU-test for the 'Rhizaria' position may be misleading because our pool of candidate trees included many that are highly unlikely (e.g., sister to different animals or fungi), perhaps making it more likely for the test to reject alternative "reasonable" topologies. The AU-test is however generally believed to not be susceptible to changes in the number of candidate trees (Shimodaira 2002) . Nevertheless, we re-ran the AU-test using a more limited set of 49 candidate trees that tested all local rearrangements of the 'Rhizaria' within chromalveolates, 'Plantae', as sister to either, or on the branch uniting these supergroups. The results of this analysis were very similar to the original and all alternative positions of the 'Rhizaria' were rejected except that shown in Figure 1 (P = 0.959) and as sister to alveolates (P = 0.159). A potential sister group relationship with stramenopiles was again marginally rejected (P = 0.047). This suggests that the AU-test results are not significantly biased by the candidate tree pool size. Given the strength of these results, it is unclear why our findings differ from those of Burki and Pawlowski (2006) . These analyses have however two major differences. Our data set contains about one-half less sequence data than Burki and Pawlowski (2006) but in contrast is characterized by a richer taxon sample of both excavates and chromalveolates.
That we find both bootstrap and AU-test support for the 'Rhizaria' + chromalveolate relationship suggests that significant phylogenetic signal exists in our data set for this surprising relationship. As stated above, if true, this topology suggests a significantly more complex history of endosymbiosis for chromalveolates and 'Rhizaria' than previously thought with potentially independent red algal endosymbioses in the cryptophye + haptophyte clade and in the stramenopiles + alveolates or alternatively, a single plastid gain in the common ancestor of all of these taxa, with plastid loss in the branch uniting the 'Rhizaria' (see also Burki and Pawlowski 2006) .
Next we tested the position of the cryptophye + haptophyte clade and found that these taxa had two alternate positions in the tree. The position of highest probability was as shown in the best tree ( Fig.   1 , P = 0.863) and the other trees that were not significantly rejected by the AU-test were as sister to all 'Plantae' (P = 0.389), to only the glaucophytes (P = 0.051), or to the greens + glaucophytes (P = 0.167).
This same pattern played out when the cryptophytes or haptophytes were moved as individual clades to all other branches in the best tree (see Table 1 for details). Interestingly, movement of cryptophytes or haptophytes to the branches uniting taxa other than 'Plantae' (e.g., 'Amoebozoa', malawimonads) resulted generally in trees of significantly lower probability. This pattern may be interpreted in at least three ways. Under the first scenario, it is possible that the 'Plantae' association is specific to our analysis.
Although potentially true it is a surprising result given that virtually all other nodes in our tree are highly supported and that the only alternate non-rejected associations detected by the AU-test is with one clade, the 'Plantae'. Under a second scenario, our results may reflect undetected EGT (either complete or partial, ancient gene replacements) from a 'Plantae' endosymbiont or HGT from these algae that is not evident in any single-protein PHYML bootstrap analysis (except for EF2, which is a long protein [783 aa in our final alignment] with significant phylogenetic signal). A surprising result in this regard is the nature of the 'Plantae' association. Under the chromalveolate hypothesis, the source of EGT is expected to be from the red algal secondary endosymbiont. However, the AU-test strongly rejects the sister group relationship of cryptophytes, haptophytes, or cryptophytes + haptophytes with red algae (P < 0.01). This suggests that, as evident in the EF2 tree (Fig. S1 ), and analyses of nuclear encoded plastid-targeted proteins in chromalveolates (e.g., Nosenko et al. 2006) , non-red sources may also have provided genes to the nucleus of some or all chromalveolates. If this latter hypothesis is correct, then it may explain the great difficulties that are evident when reconstructing chromalveolate interrelationships, in spite of extensive multi-gene data or a broad taxon sampling (e.g., Burki and Pawlowski 2006; Harper Waanders, and Keeling 2005) .
Chromalveolate genomes may carry two distinct, conflicting phylogenetic histories, one of their hosts and one of their history of endosymbiotic gene replacements and HGT events, providing a potentially large impediment to multi-gene analyses of this group. A final possibility is that the cryptophytes and/or haptophyte host cells may be related to the 'Plantae' as has been suggested by rDNA trees that often support cryptophyte + glaucophyte monophyly (Bhattacharya et al. 1995; Van de Peer and De Wachter 1997; Okamoto and Inouye 2005) which is supported by the presence of flattened mitochondrial cristae in these taxa.
Conclusions
Although it is obvious that much more careful work needs to be done with chromalveolates and 'Rhizaria' to elucidate their phylogeny, our analyses do provide some important insights. First, it is essential that in multi-gene analyses of chromalveolates each gene is analyzed individually with a broad taxon sample to identify potential cases of EGT or HGT. In the case of EGT, an obvious alternate position is expected with the 'Plantae'. Second, despite the conflict evident within our data set, the overall phylogenetic signal favors two main findings: 1) the association of 'Rhizaria' with chromalveolates, and 2) the monophyly of cryptophytes + haptophytes. This latter result is supported by the independent plastid genome HGT data of Rice and Palmer (2006) . One further consideration with regard to the position of the cryptophytes is 20 cryptophytes and haptophytes. Given these uncertainties, we stress that our results are a working hypothesis that is constrained by the inherent difficulties in inferring "deep" phylogeny due to differences in divergence rates among lineages, covarion substitution processes (e.g., Philippe et al. 2004; Rodriguez-Ezpeleta et al. 2005; Shalchian-Tabrizi et al. 2006b ), and potentially confounding EGT.
However these results can be tested through the analysis of more sequence data from existing cultured taxa than found in our tree (see EuTree; http://www.biology.uiowa.edu/eu_tree/) and the addition of novel taxa such as katablepharids and telonemids when these turn up in environmental surveys (e.g., picobiliphytes; Not et al. 2007 ).
Supplementary Materials
Supplementary tables and figures are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/). Table 1 . Results of the AU-test for alternative tree topologies using the 46-taxon phylogeny shown in Fig. 1 . Significantly rejected trees are marked with * when P < 0.05 and with ** when P < 0.01. Diplo. is diplomonad, eugl. is Euglenozoa, and parabas. is parabasalids. 
